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Students at Colorado College and cadets at the US Air Force Academy have conducted an
experimental test of gravitational time dilation. This relativistic effect, highlighted in the
movie Interstellar, causes clocks to tick more slowly near massive objects. A measurement
of gravitational time dilation was made by comparing signals generated by a GPS frequency
standard, which is based on sea-level time, to a cesium-beam frequency standard located
at three different elevations above sea level. The effect is small but observable; for the
highest elevation studied (4302 m on the summit of Pikes Peak), a local clock ticks only 41
ns/day faster than a sea-level clock. Our results are consistent with the predictions of general
relativity. We also discuss implications of gravitational time dilation on GPS operations.
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According to Einstein’s general theory of relativity, a
clock runs more slowly if it is close to a large, gravitating
object. This principle was highlighted in the movie Inter-
stellar, in which the main character spends several hours
on a planet orbiting a massive black hole, and returns
to find that his young daughter has become an elderly
woman. In the movie, one hour on the planet equates to
seven years on Earth. The same effect can be measured
on a much smaller scale by changing locations within
Earth’s gravitational field. Using atomic clocks, we have
compared the ticking of time at Colorado College (ele-
vation 1845 m above sea level), at the United States Air
Force Academy (elevation 2165 m), and on the summit of
Pikes Peak (elevation 4302 m). Our results confirm that
clocks do indeed tick more quickly at higher altitudes, in
accordance with Einstein’s theory. This work was carried
out as a collaboration of physics majors and faculty at
Colorado College and the US Air Force Academy. The
experimental technique is straightforward and our results
can be reproduced by other students and teachers. In-
deed, a similar endeavor has been reported by amateur
clock enthusiasts.1
BACKGROUND
Albert Einstein first postulated the notion of grav-
itational time dilation in 1907 using the principle of
equivalence.2 He showed that the local time, τ , as mea-
sured by a clock at a specified location in a homogeneous
gravitational field, can be written approximately as
τ = τ0
(
1 +
Φ
c2
)
. (1)
In Eq. 1, Φ is the gravitational potential at the specified
location, τ0 is the time measured by a clock at an arbi-
trarily chosen origin of coordinates, at which Φ is defined
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to be zero, and c is the speed of light. Thus two clocks,
at two different locations, will keep the same time only
if they experience the same gravitational potential. For
our measurements we chose an origin at sea level, corre-
sponding to the time-keeping convention of GPS. For a
homogeneous gravitational field, the gravitational poten-
tial is simply Φ = gh, where g is the local acceleration due
to gravity and h is the altitude with respect to sea level.
We can therefore write the fractional time difference be-
tween two clocks, one at sea level and one at altitude h,
as
τ − τ0
τ0
=
g h
c2
. (2)
In applying Eq. 2, the value of g must be approximately
constant over the distance h, which is valid for the three
locations considered here. At Colorado College (h = 1845
m), the fractional time dilation is 2× 10−13 or 17 ns per
day. That is, each day clocks at Colorado College tick
an extra 17 ns compared to clocks at sea level. Similarly,
the fractional time dilations at the Air Force Academy
and on the summit of Pikes Peak are 21 ns/day and 41
ns/day, respectively. If larger altitudes are examined,
such that g cannot be considered constant, Eq. 2 must
be integrated over the altitude range of interest using the
altitude dependence of g.
Clocks at different altitudes travel at slightly different
speeds due to their differing distances from Earth’s ro-
tation axis. It is worth considering, therefore, whether
special relativistic effects are significant. According to
the well-known time dilation formula3 in special relativ-
ity, a clock moving at speed v with respect to an observer
will measure a time
τ = τ0
√
1− v2/c2 (3)
compared to a clock at relative rest, which measures time
τ0. For speeds much smaller than the speed of light, this
gives a fractional time dilation of
τ − τ0
τ0
=
v2
2c2
. (4)
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2For the altitudes considered in this paper, the special rel-
ativistic effect is small (< 1 ns/day) and will be ignored.
At satellite altitudes, however, where orbital speeds are
on the order of a few km/s, this effect is comparable in
magnitude to gravitational time dilation, as will be dis-
cussed later. It is worth noting that Eqs. 2 and 4 can also
be derived from Einstein’s full theory of general relativity
using the Schwarzschild metric.4,5
EXPERIMENTAL SETUP
The upper panel in Fig. 1 shows a schematic of the
experimental setup. The local time is measured using
a HP 5071A cesium frequency standard (atomic clock),
which outputs a nominal 10-MHz timing signal. A Trim-
ble Thunderbolt GPS disciplined clock, locked to multi-
ple GPS satellites, provides a standard GPS timing sig-
nal (also 10 MHz) referenced to sea-level. Because the
atomic clock is located several thousand meters above
sea level, there is a small but measurable difference in
the frequencies of the two timing signals. During the
course of the experiment, a phase shift continually accu-
mulates between the two signals, which we measure using
an Agilent 53000 Series frequency counter operated in
time-interval mode. The frequency counter measures the
time difference between upward zero-crossings of the two
timing signals. The data are recorded every 1-2 seconds
using a simple computer program. A date-time stamp is
also recorded for each data point. The data are acquired
continuously for 4-5 days in a typical data run. Multi-
ple runs were made at Colorado College (CC), the Air
Force Academy (USAFA), and on the summit of Pikes
Peak (PP). The lower panel in Fig. 1 shows the actual
experimental hardware. The cesium clock is about the
size of a large stereo receiver, so the entire setup is quite
portable.
RESULTS
Sample data from each of the three locations are shown
in Fig. 2. The results show qualitative agreement with
the predictions of gravitational time dilation. The differ-
ence between local time and sea-level-based GPS time in-
creases linearly with elapsed time and accumulates more
rapidly for clocks at higher elevations. To make a quan-
titative comparison, we fit a straight line to each data
set, and compared the fitted slope, in units of ns/day,
to the values predicted by Eq. 2. The average results
were 22± 3 ns/day, 26± 2 ns/day, and 49± 2 ns/day for
the measurements at CC, USAFA, and PP, respectively.
The quoted statistical uncertainties were computed using
the standard deviation of the mean of multiple measure-
ments at each location. The results are somewhat larger
than predicted by gravitational time dilation. We at-
tribute the discrepancies to bias in the cesium frequency
standard, which arises from well-documented effects for
atomic clocks.6 The 5071A data sheet7 specifies a long-
term stability of less than about 5×10−14 over a period of
five days, or a bias of approximately 4 ns/day. The mag-
FIG. 1. Experimental Setup. A frequency counter (A) mea-
sures the timing difference between output signals from a GPS
disciplined clock (B) and a cesium atomic clock (C). The tim-
ing data are recorded using a laptop computer (D).
FIG. 2. The difference between local time, as measured by
an atomic clock, and sea-level-based GPS time is plotted as
a function of elapsed time for three locations: (CC) Colorado
College, (AFA) US Air Force Academy, and (PP) the summit
of Pikes Peak.
nitude of this bias was confirmed by monitoring the time
differences between three individual cesium clocks at the
same location over a period of about five days. Thus,
within the experimental uncertainty, our results are con-
sistent with the predictions of general relativity. Tech-
nical details of our experiment, including data acquired
at four additional elevations in Colorado, are provided in
an in-depth analysis published separately.5
DISCUSSION
Although the effect of terrestrial time dilation is small,
it can be significant for certain applications. One fruitful
topic of discussion with students is the implications for
3satellite operations. All satellites are subject to a time
discrepancy between on-board clocks and ground-based
systems, but this is an especially critical consideration
for GPS satellites. GPS satellites orbit at an altitude of
20, 180 km, where the acceleration due to gravity is only
0.57 m/s2. They also orbit at a speed of approximately
3.9 km/s relative to the surface of the Earth. By inte-
grating Eq. 2 to GPS altitude, one can show that GPS
clocks tick 45.6 µs per day faster than clocks on Earth’s
surface due to gravitational time dilation. Special rela-
tivistic effects, on the other hand, cause GPS clocks to
tick 5.6 µs per day slower than clocks on the surface, ac-
cording to Eq. 4. This leads to a total time discrepancy
of about 40 µs per day, which must be accounted for in
GPS operation. Further complicating the situation, GPS
orbits are not perfectly circular, so the gravitational and
special relativistic effects vary over the course of a day.
In order for the GPS location algorithms to work cor-
rectly, all satellites must agree with each other and with
clocks on the surface. If the relativistic effects are not
compensated, the GPS system would be useless.4
While the results of our test are not groundbreaking,
our aim was to show that advanced modern physics con-
cepts can be tested, and their relevance appreciated, by
undergraduates. Air Force Academy cadets and Col-
orado College students were involved in all phases of this
work, including gathering and analyzing data, present-
ing results at conferences, and assisting in the writing of
this paper. Hopefully this short study will also motivate
other students to consider careers in Science, Technology,
Engineering, and Math (STEM) fields. Dedicated dis-
plays of ongoing relativity testing are being established
near physics classrooms at both USAFA and Colorado
College. The experiment has also been discussed at US-
AFA in an introductory physics course involving a few
hundred cadets. The displays and discussions empha-
size the impact of subtle relativistic effects on technolog-
ical systems such as GPS. Aside from the military and
commercial navigation applications, other uses of GPS
that could be discussed include: time-stamping financial
transactions and synchronizing power-line nodes for fault
detection8; monitoring water distribution of Earth9; and
tests of fundamental physics.10 We hope to kindle excite-
ment in students for the beauty, strangeness, and appli-
cability of Einstein’s theory of relativity.
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